The Space Station Furnace Facility (SSFF) 
Introduction
The Space Station Fumace Facility (SSFF) provides the necessary core systems (e.g. power, gas, thermal control) to operate various material processing furnaces. The Thermal Control System (TCS) is defined as one of the core systems and its function is to collect excess heat from furnaces and to provide precise cold temperature control of components and of certain furnace zones. The TCS uses single phase water as its cooling medium and consists of piping, heat exchangers, cold plates, valves, flow sensors, and a pump. Tightly controlled thermal environments are critical to world class materials research.
The objective of the TCS control problem is to simultaneously control the thermal environments of several furnaces and related subsystems plumbed in parallel. Specifically, the high accuracy robust decoupled tracking of flow rate profiles in the various parallel subsystems is desired.
For the specified tracking problem, four control inputs are employed: three are used to modulate valves that control system flow rates and one is used to modulate pump speed to control the pressure drop across the parallel systems. Physical interconnection of parallel thermal control subsystems through a common pump (source) implies the description of the whole TCS by coupled nonlinear differential equations in flow and pressure with partially known parameters.
This paper formulates the system equations and develops the sliding model controllers that cause interconnected subsystems to operate in the local sliding modes, resulting in control system Invariance to some extemal and interaction disturbances, plant uncertainties, and nonlinearities. The decoupled flow rate profile tracking is provided in each subsystem. Desired flow rate tracking in the local sliding modes is achieved by simple eigenvalue placement of the equivalent local linear sliding mode equations.
Basics of sliding mode control
Let us consider a single-input-single-output linear control system. This is
where X E W -state vector, f ER" -an extemal vector disturbance, U E R' -a control function, y E R' -an output, A E R" -a constant matrix, b E R" -a constant column vector, g E R " -a constant row vector, [A,b] -is a completely controllable pair.
The objective Is to design the control function U to provide lim y(t) = 0 as t -and to make this transient process desirable. The solution of this control problem in sliding mode implies that the synthesis of the sliding surface Q = 0, Q E R" in the subspace of the output and its derivatives is such that the output response of the system (1) in this surface will be desired. It also implies that the control function has to force the system to move to the sliding surface and to maintain the system in the surface thereafter by high speed switching (discontinuous control function) 
The following surface in the k-dimensional subspace can be formed
To find the equations of the sliding mode for the system (2) on the surface (3), we need [1, 2, 3] to solve equation (3) for yk and substitute the solution into equations (2).
That is
The system (4) can be written as one differential equation of the k-th order as follows
The values of the coefficients cl,cz, ..., eh-, are chosen to obtain the desired system response in the sliding mode. For example, the values of the coefficients could be assigned by eigenvalue placement of the characteristic equation of the differential equation (5) [1, 2, 3] . For the control function design, we will consider the following discontinuous control law
The functions u+,u-should be specified to make the sliding surfaces (3) attractive for the trajectories of the system (1). The existence condition [1, 2, 3] 0 . 6 < 0 (7)
implies the corresponding inequalities which have to be met by means of appropriate selection of the functions u+,u-. The system response in the sliding mode described by equation (5) is insensitive to system parameter variations, nonlinearities and extemal and interconnection disturbances which makes the sliding mode strategy attractive for the output tracking problem solution in nonlinear systems with uncertainties and disturbances.
TCS mathematical model
The TCS has a pump source that forces water through four subsystem paths plumbed in parallel. This water is used to collect waste energy from the various subsystems and to control the subsystem thermal environments. Each path has a flow control valve that is actuated to achieve the desired flow profile. The pump serves to drive the flow and to control the pressure drop across the parallel paths. The pump speed is modulated to control the pressure drop based on pressure drop feedback. The mathematical model of the TCS consists of two submodels: the Flow Path Model and the Source Model. 
Source model
The source model consists of the system flow and pressure drop, pump motor, pump speed controller, and pressure controller equations. The system flow and pressure drop equations are described as follows: 
Sliding mode controller design for the TCS
For the first step, we specify the local sliding surface for each path of the TCS to provide the desired linear decoupled flow tracking in this sliding surface.
Differentiating the flow tracking errors ei = W,' -y.
through the system (8) we find that after the third differentiation each subsystem is transformed to the canonical form shown in (2). This means that the sliding surfaces (3) are defined by
( 1 2) The coefficients of (12) where wp -pump speed, I, -pump motor armature current, amk -pump speed feedback, X, -2x1 row-vector of controller states, j , -rotor plus load inertia, k, -current to motor torque gain, k, -speed to load torque gain, L, -pump motor inductance, R,,, -pump motor resistance, k. -motor back emf gain, k, -controller feed forward gain, k3 -controller feed forward gain, E -1x2 row-vector of controller gains, 7, -speed filter time constant, F -2x2 matrix of controller gains, G -2x3 state input matrix.
Problem formulation
It is obvious that the TCS described by equations (8) - (1 0) is a multi-input-multi-output (MIMO) nonlinear system. We wish to design the local (to each path) form (13) ui = V s i g n ui , V i = 1,3 , the required inequalities (7) Values for in equation (13) are specified as
The following are the matrix definitions for the pump (20) motor and controller model equations (10):
considering the physical constraints of the control valve.
Equations (14) - (22) The sliding mode controller uses high speed switching of the control input to realize tracking performance. Fig. 3 shows the high speed switched control input to the flow control valves in paths #1, #2, and #3.
Valve responses in paths #1, #2, and #3 to their corresponding high speed switched valve commands are shown in Fig. 4 . It is obvious from Fig. 4 that there is no chattering in each valve's response to the high speed switching of the control input. This is because the valve and its attached servomechanism respond as a low pass filter to the control input.
Variations in the system pressure caused by valve modulations in the various paths are shown in Fig. 5 . Deviations of approximately 40% around the pressure setpoint are present.
The digital simulation shows that the flow control paths are invariant to the interconnected pressure disturbances seen In the system. Sliding mode control techniques have been discussed and applied to a real world problem. The nonlinear mathematical model of the TCS has been developed and the parameter data included for completeness. The simultaneous control of the thermal environments of several systems plumbed In parallel has been shown. The sliding mode techniques have proven to be an effective robust means of controlling the nonlinear TCS. The sliding mode control law has caused the system's state trajectory to operate in the linear local sliding mode and has maintained this surface for all subsequent time. The plant's dynamics in this sliding surface display the linear desired behavior for the system. Simulation results indicate that the application of sliding mode control to the SSFF TCS would greatly enhance the performance of the system in the face of plant unceltainties, nonlinearities, and pump pressure variations in the system. 
Conclusions

